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Origin and the relative abundances of the elements in the Universe 
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charged particles  Coulomb barrier energy available:  from thermal motion 

during static burning:      kT<< Ecoul

reactions occur through  TUNNEL EFFECT

tunneling probability    P ́ exp(-2ph)

Gamow peak

tunnelling through
Coulomb barrier
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Nuclear reactions between charged particles

Ekin ~ kT  (keV)Ecoul ~  Z1Z2

(MeV)

nuclear 
well

Coulomb potentialV

rr0

T ~ 15x106 K   (e.g. our Sun)Ý kT~ 1 keV

Nuclear reactions between charged particles

Reaction E0 [keV]

p+p 6

3He+3He 22

3He+4He 23

7Be+p 18

14N+p 27
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direct measurements
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non-resonant

resonance

extrapolation 
needed !

CROSS SECTION

Experimental approach
measure s(E) over as wide a range as possible, then extrapolate down to E0!

s(E) =     exp(-2ph) S(E) 
E

1
 

low-energy tail
of broad 

resonance

Er

DANGER OF EXTRAPOLATION !

Counting Rate = 30-3000 counts/year= 0.1- 10 counts/day
Signal to noise ratio extremely low

non resonant 
process
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extrapolation
direct measurement
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1983 Premio Nobel- William Fowler

Lectio: Experimental and Theoretical Nuclear Astrophysics; the Quest for the Origin of the 
EũĲůĲŰƣƚѠ

1970s The work carried out at the California Institute of Technology (Caltech) between 
William Fowler and Claus Rolfs represents the transition from astrophysical theory to the 
precision of experimental data in the laboratory

"B²FH" 1957- Margaret Burbidge, Geoffrey Burbidge, William Fowler e Fred Hoyle, 
They showed that nearly all chemical elements, from carbon to uranium, are produced 
through nuclear processes occurring inside stars

The Research Thread: A Story of Discoveries
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ÉŸũċƖШŰĲƨƣƖŔŰŸШƓƖŸĤũĲůвЮШLUNA 50 kV
1991: Birth of Underground Nuclear Astrophysics.
Thanks to E. Bellotti, C. Rolfs and G. Fiorentini

E beam º 1 ς 50 keV

I max º 500 mA   protons, 3He       
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Primary cosmic rays: mostly protons
Create showers of secondary particles 
in atmosphere 
in the end muons and neutrons reach surface

LNGS Background reduction by:
Å 6 orders of magnitude for muons
Å 3 orders of magnitude for neutrons



0.3 m3 Pb-Cu shield suppression 
three orders of magnitude below 2MeV

g-ray natural background

3 orders of

magnitude !

surface

underground

underground passive shielding 
ƛǎ ƳƻǊŜ ŜŦŦŜŎǘƛǾŜ ǎƛƴŎŜ ˃ ŦƭǳȄΣ
that create secondary ɹΩǎin the 
shield, is suppressed

between  Eg =7 and 12MeV the bck 
suppression factor is 100 times better
than was achieved in laboratories using
active shielding



Laboratory for Underground  Nuclear Astrophysics 

LUNA 1
(1991-2001)

50 kV

LUNA 2
(2000Ąé)

400 kV

Bellotti IBF
(2023 ->...)



LUNA-400 and Ion Bellotti Facility at LNGS

Beam intensity on target at different 

terminal voltage

Ion specie Terminal Voltage

0.3 MV ï0.5 MV 0.5 MV - 3.5 

MV

1H+ 500 ɛA 1000 ɛA

4He+ 300 ɛA 500 ɛA

12C+ 100 ɛA 150 ɛA

12C+2 60 ɛA 100 ɛA

Number of beam lines

2

Terminal Voltage range 0.3 ï3.5 MV

Courtesy M.Junker

Ion specie Terminal 
Voltage (keV)

Beam Intensity 
(mA)

1H+ 50-400 250

4He+ 50-400 250



Courtesy Public Affairs Service LNGS -operatore Marzola Sergio AQTV

16/06/2026 A.Formicola -INFN ROMA



Hydrostatic Hydrogen Burning
To Solve ÉŸũċƖШ ĲƨƣƖŔŰŸШƓƨǍǍũĲвÉ14(E) Factor

Sun (T=15.6 MK), stellar core (T=8-55 MK), 
shell of AGB stars (T=45-100 MK)
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ÅThe CNO Cycle is the main source of 
energy generation in massive main-
sequence stars, accounts for ~1% in the 
Sun.

Å The 14N(p,‎)15O is the slowest reaction of 
the CNO, controls its speed and energy 
production rate.

ÅSolar CNO neutrino flux recently 
detected for the first time by Borexino 
ыΞΜΞΜьШӛШÉŸũċƖШmetallicity  probe.

16/06/2026 A.Formicola -INFN ROMA



Transition to the ground state of 15O: very difficult  to reconcile 
all the measurements in a consistent picture

Open Issues with the14N(p,‎)15o reaction

Taken from  SFIII Rev. Mod. Phys. 97, 035002 (2025) 24



The cyan shaded area denotes the
range of the value recommended
in SF-III  at 1 ͚ ШC.L.

adopted by Chen et al. 2024 

https://doi.org/10.48550/arXiv.2410.16086

Open issues with 14N(p,‎)15O
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https://doi.org/10.48550/arXiv.2410.16086


New experimental data taking -BGO 4p
g-gcoincidence

PRIN2022 project SOCIAL PI F.Cavanna& R.Depalo
(SOlarComposition Investigated At Luna)

E* = Ecm + Q

15O

keV

Ex [keV]



14N(p,‎)15O measurement at the Bellotti IBF

A typical gamma-ray 
spectrum

Excitation function measurement (June 2023): 
֙ 0.25-1.3 MeV in 50 keV steps, WgLeader GyurkyGyorgy
֙ 55° HPGe at 5 cm from target, ATOMKI-Debracen
֙ Total charge collected: 38 C (up to 300 µA).
Angular distribution measurement (October 2023 - February 2024)
֙ 0.4 - 1.1 MeV in 100 keV steps
֙ 3 HPGedetectors 15 cm from target
֙ Total charge collected: 150 C
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Solid Targets

Sputtered TaN targets:    Produced at LNL-INFN (M. 
Campostrini  and V. Rigato) Enriched (99.95%) nitrogen 
gas. Tested for stability up to 40 C. 

Implanted targets: Produced at IST, Lisbon. Tested for 
stability up to 15 C.
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Astrophysical motivations 12C+12C  

The 12C+12C reaction is the trigger of the carbon burning.
The precise determination of Mup is a primary goal of modern 
astrophysics 
Mup critically depends on the value of the 12C+12C rate, 
at temperatures between 0.5 and1 GK. 

Å direct measurements above 2.1 MeV
(large scattering, large uncertainties)

Å only indirect measurements below 2.1 MeV
(problems with normalization and other 
discrepancies)



12C+12C experimental 
setup-detector
WgLeader Federico Ferraro

6/16/2026

16



Vacuum-proof Aluminium target holder produced via Laser 
Powder Bed Fusion helps minimizing passive layers

12C+12C: experimental setup - target holder



12C+12C: experimental setup - target
HOPG showed significant surface damage, though the bulk was 
not visibly affected after 0.6 C.

Glassy Carbon was severely damaged after just 0.2 C. The beam 
dig a hole in the target disc and caused several cracks.

both Glassy Carbon and HOPG caused problems with the 
vacuum.

Sintherizedtargets were able to withstand long irradiations 
completely unharmed.

Significant degassing phase at the beginning of irradiation, 
background improving a factor of 100 after 10 C.



Theefficiency of the 22Ne(‌,n)25Mgneutron
source not only depends on the reaction
rate at the specific temperature conditions
of the s- process sites, but also on 22Ne
abundance, strongly influenced by the rate
of the competing 22Ne(‌,‎)26Mgreaction.

Plot adapted from Wolke et al.

22Ne(‌, ‎)26Mg Present status & LUNA objective 
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LUNA objective

Å a statistical uncertainty
in the 10-20% range

Å an improvement of 5-6 orders 
of magnitude over the literature



Preliminary Calibration and efficiency 
measurements at CIRCE laboratory:

Å 27Al(p, ‎)28Si - 992 keV and 1800 keV 
resonances

Å 14N(p, ‎)15O - 1058 keV resonance 

6 NaI detector-array
(Easy-MUR PI A.Best)

A new beamline developed 
supported by ERC- SHADES 

project  (PI A.Best)

22Ne(‌, ‎)26Mg reaction at Bellotti IBF

Thanks to the synergy of Bari, Turin,
 Genova and LNGS mechanical workshops



22Ne(‌, ‎)26Mg  reaction at Bellotti IBF

Detector array modular structure
Å 6 parallelepiped-shaped NaI

array 
Å detectors of dimensions     

ΠњǂΠњǂΣњ

Åfull energy detection 
efficiencies of up to 40% .
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credit D. Rapagnani



Where and how areLUNA Solid Targets - Oxygen Targets
produce?

Technique:anodic oxidation of Ta in enriched  water solution which acts as the electrolyte

pot for 
enriched water

LUNA Solid Targets - Oxygen Targets



Technique:Evaporation performed at ATOMKI, using a vacuum evaporator, 99% enriched 13C powder and Ta  backing

Perspective at the Bellotti IBF workshop, LNGS (Italy), October 8th - 10th 2025

Cu melting pot

Adjustable arm

Ta holder

LUNA Solid Targets - Carbon Targets



A New Charged Particle Detector 

3 MSPADs (nTDs, 
4 channels each)

24 HAMAMATSU
PHOTODIODES

ḗ15% geometric 
efficiency from Geant4 
simulation
Energy resolution: 16-20 
keV @

Å Higher sensibility to angular distribution
Å Temperatures of detectors around 42°C thanks to 
ƓƖĲċůƓũŔŉŔĲƖƚќШĦŸŸũŔŰŊШƚǃƚƣĲůШċŰĬШĬŸůĲШĤĲŔŰŊШťĲƓƣШ
at liquid nitrogen temperature.

Å Reading of both sides of Silicon will reduce the 
background

SILVER DOME 
WITH ALUMINIZED 
MYLAR FOILS TO 
STOP SCATTERED 
BEAM PROTONS

Credits: C.Bruno & Lucia Barbieri

detection of charged-particles -supported by ELDAR (ERC-StGPI C.Bruno- UKRI)



SIMLUNA
unified simulation software for LUNA collaboration

ÅBuilt-in inelastic reaction model has been 
associated with G4ParticleXS cross-section 
class, so the cross-section can be modified 
easily

Å Individual scattering of charged particles are 
handled with the quasi-external package 
G4ScreenedNuclearRecoil, the cross-section 
can be easily scaled up

ÅNeutron reactions are handled with built-in 
NeutronHP. package

WG leader Sandra Zavatarelli
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LUNANOVA
Laboratory Underground forNuclearAstrophysics
New Observatory forSolar Neutrino Reactions

Daniel Bemmerer (cPI)
Helmholtz-Zentrum 
Dresden-Rossendorf 
(HZDR), Germany

Alba Formicola (PI)
Istituto Nazionaledi Fisica
Nucleare (INFN), Italy

Aldo Serenelli (PI)
Instituto de Ciencias del 
Espacio(ICE-CSIC), Spain

Gianluca Imbriani (PI)
Universitàdegli studi di 
Napoli Federico II, Italy



LUNANOVA objective.... 
Measuredsolar ’fluxes... and model
’(pp) ± 0.4% ± 0.6% 
’(7Be) ± 1.8% ± 7.7% 
’(8B) ± 1.9% ± 13% 
’(13N+15O) ± 13% ± 17%

Summarizing: Data OK Model not yet OK

We will remove nuclear physics uncertainties , 

and thus break the degeneracy between

nuclear and solar/stellar physics . 

Sun Stars
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